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Abstract. We combine in situ measurements of sea salt
aerosols (SS) from open ocean cruises and ground-based sta-
tions together with aerosol optical depth (AOD) observations
from MODIS and AERONET, and the GEOS-Chem global
chemical transport model to provide new constraints on SS
emissions over the world’s oceans. We ﬁnd that the GEOS-
Chem model using the Gong (2003) source function over-
estimates cruise observations of coarse mode SS mass con-
centrations by factors of 2–3 at high wind speeds over the
cold waters of the Southern, North Paciﬁc and North At-
lantic Oceans. Furthermore, the model systematically un-
derestimates SS over the warm tropical waters of the Central
Paciﬁc, Atlantic, and Indian Oceans. This pattern is con-
ﬁrmed by SS measurements from a global network of 15
island and coastal stations. The model discrepancy at high
wind speeds (>6ms−1) has a clear dependence on sea sur-
face temperature (SST). We use the cruise observations to
derive an empirical SS source function depending on both
wind speed and SST. Implementing this new source func-
tion in GEOS-Chem results in improved agreement with in
situ observations, with a decrease in the model bias from
+64% to +33% for the cruises and from +32% to −5% for
the ground-based sites. We also show that the wind speed-
SST source function signiﬁcantly improves agreement with
MODIS and AERONET AOD, and provides an explanation
for the high AOD observed over the tropical oceans. With
the wind speed-SST formulation, global SS emissions show
a small decrease from 5200Mgyr−1 to 4600Mgyr−1, while
the SS burden decreases from 9.1 to 8.5mgm−2. The spatial
distribution of SS, however, is greatly affected, with the SS
burden increasing by 50% in the tropics and decreasing by
40% at mid- and high-latitudes. Our results imply a stronger
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than expected halogen source from SS in the tropical marine
boundary layer. They also imply stronger radiative forcing
of SS in the tropics and a larger response of SS emissions to
climate change than previously thought.
1 Introduction
Sea salt aerosols (SS) are signiﬁcant players in the climate
and chemistry of the marine atmosphere. SS dominate the
global top-of-the-atmosphere clear-sky radiative forcing over
the oceans (Haywood et al., 1999; Grini et al., 2002; Ma
et al., 2008). SS are a major source of cloud condensation
nuclei (O’Dowd and Smith, 1993; Quinn et al., 1998; Mur-
phy et al., 1998; Pierce and Adams, 2006). In addition, SS
act as a source of halogens and provide a large surface area
for heterogeneous reactions, thereby affecting the concentra-
tions of trace gases including ozone, reactive nitrogen, mer-
cury, and sulfur containing compounds (e.g., Sievering et al.,
1992; Vogt et al., 1999; von Glasow et al., 2004; Yang et al.,
2005; Holmes et al., 2006; Read et al., 2008).
The main mechanism leading to SS production is by air
bubbles bursting at the surface of the ocean as a result of
wind stress (Blanchard, 1983; Monahan et al., 1986). The
bubbles are formed when breaking waves entrain air to var-
ious depths. As the bubbles come back to the surface they
form whitecaps and burst, leading to the injection of seawa-
ter ﬁlm and jet drops into the atmosphere.
Despite their importance, SS remain one of the most
poorly constrained aerosols in the global atmosphere, both
in terms of their emissions and atmospheric burdens. Based
on a comprehensive synthesis of observations, Lewis and
Schwartz (2004) propose a best estimate global SS source
of 5000Tgyr−1 with a factor of 4 uncertainty. In a recent in-
tercomparison of 15 chemical transport models (CTMs), cal-
culated SS burdens ranged from 3 to 18 Tg (mean±standard
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deviation: 7.5±4Tg) displaying the largest inter-model dif-
ferences of all aerosol types (Textor et al., 2006).
Several confounding issues have lead to this high degree
of uncertainty in the global distribution of SS. Coastal, open
ocean, and laboratory measurements of SS size distribution
have been used as a basis to develop multiple parameteriza-
tions to express the production ﬂux of SS and its dependence
on wind speed, with often conﬂicting results (e.g., Mona-
han et al., 1986; Smith and Harrison, 1998; Andreas, 1998;
M˚ artensson et al., 2003; Clarke et al., 2006). Their use in
CTMs leads to factors of 2–3 differences in calculated SS
concentrations (e.g., Guelle et al., 2001; Pierce and Adams,
2006). Most parameterizations assume that SS emissions
are proportional to whitecap coverage, with a dependence on
10-m wind speed of u3.41
10m (Monahan and O’Muircheartaigh,
1980), thus small model errors in wind speed can lead to sig-
niﬁcant biases in predicted SS emissions. Even when the
emissions are speciﬁed, inter model differences in transport
and deposition can lead to 50–100% variations in predicted
global SS burdens (Liu et al., 2007; Textor et al., 2007).
Validation of models against ground-based in-situ obser-
vations of SS can be problematic because of the potential
inﬂuence of local surf conditions on coastal and island sta-
tions. Concentrations of SS over the surf are enhanced by 1–
2 orders of magnitude (de Leeuw et al., 2000) and thus mea-
surements near the coast might not be representative of open
ocean concentrations. In addition, for many aerosol samplers
the cut-off diameters are not necessarily well deﬁned because
the samplers typically operate under ambient relative humid-
ity (RH). As most SS mass is at larger diameters (2–20µm),
assumptions about cut-off diameters can lead to signiﬁcant
differences in modeled SS. In recent years, many modeling
studies have used space-based measurements of aerosol op-
tical depth (AOD) over the oceans for validation. However,
regions of high wind speed and thus high levels of SS such
as the Southern Ocean are also regions where cloud con-
tamination likely affects the AOD retrievals from MODIS
(Kaufman et al., 2005; Zhang et al., 2005; Zhang and Reid,
2006). While ground-based observations of AOD by the
Aerosol Robotic NETwork (AERONET) do not suffer from
such cloud contamination, there are only a few AERONET
island sites where SS dominates the total AOD.
In this paper, we use open-ocean in situ measurements
of SS mass concentrations from six cruises conducted by
NOAA’s Paciﬁc Marine Environmental Laboratory (PMEL)
between 1993 and 2008. These cruises sampled all the main
ocean basins from 80◦N to 70◦S over a wide range of wind
speeds (Fig. 1). Similar sampling protocols were used for all
these shipboard measurements (including using a stable ref-
erence RH) allowing for constant aerosol size segregations
and helping eliminate biases in the data. This dataset will
provide the cornerstone of our analysis and together with the
GEOS-Chem CTM will be used to derive a new empirical SS
source function applicable over a wide range of environmen-
tal conditions.
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Fig. 1. Location of observations used in this study. The six PMEL
open-ocean cruises are indicated with colored lines. The black dia-
monds in the top panel show the location of the University of Miami
ground-based sites, while the black triangles in the bottom plot in-
dicate the location of the AERONET sites. Top panel: Map annual
mean surface (10m) wind speeds from QuikSCAT for 2008. Bot-
tom panel: Annual mean sea surface temperature from GEOS-5 for
2008.
Section 2 describes the GEOS-Chem SS simulation. Sec-
tion 3 provides more detail on the observations used here.
In Sect. 4 we compare in situ observations of SS mass
concentrations with the GEOS-Chem model and derive two
empirically-based source functions. These new source func-
tions will be compared to AOD observations from MODIS
and AERONET in Sect. 5. A discussion of the new SS bud-
get is presented in Sect. 6. Summary and implications are in
Sect. 7.
2 The GEOS-Chem model
The GEOS-Chem global tropospheric chemistry model is
driven by assimilated meteorological observations from the
Goddard Earth Observing System (GEOS) of the NASA
Global Modeling and Assimilation Ofﬁce. We use ver-
sion v8-02-04 of GEOS-Chem (http://acmg.seas.harvard.
edu/geos/). Two sets of meteorological ﬁelds drive the
GEOS-Chem model for this study: GEOS-4 (for years prior
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to 2005) and GEOS-5 (2005–2008). The GEOS meteorolog-
ical ﬁelds are provided at 3 to 6h temporal resolution. The
GEOS-4 ﬁelds have a horizontal resolution of 1◦ latitude by
1.25◦ longitude, with 55 vertical sigma levels from the sur-
face to 0.01hPa. The lowest 2km are resolved with 5 layers.
The native resolution of the GEOS-5 ﬁelds is 0.5◦×0.667◦
in the horizontal with 72 hybrid eta vertical levels, extending
from the surface up to 0.01hPa (including 14 levels between
the surface and 2km altitude). For our simulations, we de-
grade the ﬁelds to a 2◦×2.5◦ horizontal resolution. We also
degrade the vertical resolution in the stratosphere, leading
to 30 vertical levels in GEOS-4 and 47 levels for GEOS-5.
The sea surface temperatures are derived from the weekly 1◦
Reynolds data set (Reynolds et al., 2002). They are updated
every time step using linear interpolation in time.
2.1 Sea salt simulation
The sea salt simulation in the GEOS-Chem model was ﬁrst
implemented by Alexander et al. (2005) using the source
function described by Monahan et al. (1986). In this work we
have implemented the formulation of Gong (2003), which is
based on Monahan et al. (1986), but improves the simulation
of SS with dry radii smaller than 0.1µm. The Gong (2003)
formulation expresses the density function dF/dr80 (in units
of particles m−2 s−1 µm−1) as follows:
dF
dr80
=1.373u3.41
10m r−A
80 (1+0.057r3.45
80 )×101.607e−B2
, (1)
where A = 4.7(1+2r80)−0.017r−1.44
80 , B = [0.433−log10(r80)]/
0.433, r80 is the particle radius at RH=80% (with r80 ∼
2rdry) and u10m is the 10-meter wind speed. The parame-
ter 2 is an adjustable parameter, which controls the shape of
the size distribution of submicron aerosols. In order to match
ﬁeld observations reported by O’Dowd et al. (1997), Gong
(2003) recommends 2=30, which is the value we use here.
Over land, SS dry deposition velocities, vd, are calculated
withthesize-dependentschemeofZhangetal.(2001), which
is based on the Slinn (1982) model for vegetated canopies.
We take into account the hygroscopic growth as a func-
tion of RH (Gerber, 1985). Over the ocean, we have im-
plemented the Slinn and Slinn (1980) deposition model for
natural waters. The Slinn and Slinn (1980) model divides
the marine boundary layer into a viscous sublayer, with a
thickness of ∼0.1–1mm, and a surface layer above. Fol-
lowing the recommendation of Lewis and Schwartz (2004),
we assume RH=98% in the viscous sublayer because of its
proximity to the ocean surface, while for the surface layer
we assume ambient RH. Brownian diffusion, impaction, and
gravitational sedimentation are taken into account in the vis-
cous sublayer. In the surface layer, deposition is controlled
by turbulent diffusion and by gravitational settling. The re-
sulting vd has a strong dependence on wind speed and on
aerosol size (and thus local RH). For example, vd increases
by an order of magnitude as rdry increases from 1 to 4µm
for u10m =9ms−1 and RH=80%. To take this dependence
into account, we integrate vd over each size bin using a bi-
modal size distribution for SS including growth as a function
of local RH. We assume the same size distribution as for the
optical properties (described below). Sedimentation of SS is
calculated throughout the atmospheric column based on the
Stokes velocity scheme. Wet deposition of SS includes scav-
enging in convective updrafts, as well as rainout and washout
(Liu et al., 2001).
2.2 Sea salt optical properties
The AOD is calculated at 550nm from Mie theory using the
mass concentrations, extinction efﬁciency and particle mass
density (Martin et al., 2003). The calculation takes into ac-
count growth of aerosols as a function of RH. The original
size distribution of SS in GEOS-Chem were taken from the
Global Aerosol Data Set (GADS) (K¨ opke et al., 1997), as-
suming a dry geometric radius rdg =0.209 and 1.75µm for
accumulation and coarse mode SS, respectively, with a ge-
ometric standard deviation σg =2.03µm. Observations sug-
gest that these values are too high.
Based on cruises in the remote Paciﬁc Ocean, Quinn et
al.(1996)reportanarrowrangeofrg =0.075−0.095µmand
σg =1.4−1.54µm under near-dry conditions (30% RH). SS
accounted for 55% of the dry accumulation mode mass. Tak-
ing the mid-values of these ranges, we use rgd = 0.085µm
and σg = 1.5µm for the size distribution of accumulation
mode SS in GEOS-Chem. Reid et al. (2006) and Reid and
Peters (2007) recently compiled and evaluated a vast set of
observed size distributions for coarse mode SS. Their best
estimate for volume median diameter (VMD) is 4.5 ±1µm
at 80% RH and σg ∼1.8−2µm. Assuming σg =1.8µm, we
can convert this VMD to the geometric mean number diam-
eter (VMD=Dg exp(3(ln(σg))2). Taking into account the
factor of 2 hygroscopic growth of SS between 0 and 80%
RH, this corresponds to rgd = 0.4µm. With these new as-
sumptions for the size distribution of SS, the effective radii
for accumulation and coarse mode SS are reff =0.25µm and
reff =1.9µm at RH=80%.
We calculate a mass extinction efﬁciency (55% RH) for
accumulation mode SS of 4.1m2 g−1 at 550nm, consistent
with values inferred from SS mass and extinction observa-
tions, which range from 3.1 to 6.6m2 g−1 (Quinn and Bates,
2005). The mass extinction efﬁciency for coarse mode SS is
1.1m2 g−1, also within the range of observed values, 1.0 to
1.7m2 g−1 (Quinn and Bates, 2005).
2.3 10-m wind speed and vertical mixing
Equation (1) has a strong dependence on 10-m wind speed
and thus biases in wind speed can lead to signiﬁcant er-
rors in SS emissions. In Fig. 2, we assess the robustness
of our modeled winds by comparing annual mean GEOS-5
10-m winds to NCEP reanalysis (Kalnay et al., 1996) and
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Fig. 2. Comparison of annual mean wind speed (ms−1) for GEOS-
5, NCEP, and QuikSCAT for 2005–2008. Top panel: Annual mean
wind speed for GEOS-5. Middle panel: GEOS-5 minus NCEP
winds. Bottom panel: GEOS-5 minus QuikSCAT winds.
to winds retrieved from the SeaWinds scatterometer on-
board the QuikSCAT satellite. We use the QuikSCAT Mean
Wind Field product from Ifremer (MWF, 2002). The an-
nual mean wind speeds were calculated from the daily val-
ues for 2005–2008. Both the QuikSCAT (horizontal resolu-
tion of 0.5◦×0.5◦) and NCEP (T62 Gaussian grid) surface
winds are regridded onto the GEOS 2◦×2.5◦ grid. The three
datasets agree remarkably well. The mean annual bias be-
tween GEOS-5 and NCEP is +0.03ms−1 (GEOS-5 minus
NCEP, area weighted), with GEOS-5 being 1.4% higher than
NCEP. GEOS-5 and NCEP are generally within 0.5ms−1
of each other over most of the oceans (Fig. 2, middle panel).
The only regions of discrepancy are areas of low wind speeds
near the Equator, which could be due to small discrepan-
cies in the location of the InterTropical Convergence Zone
(ITCZ). As SS emissions are proportional to u3.41
10m we ex-
amine the annual mean SS emission potential (sum of area-
weighted daily u3.41
10m over the oceans), ﬁnding a +3.6% bias
in GEOS-5 relative to NCEP. Relative to the QuikSCAT
dataset, GEOS-5 has a −0.49ms−1 bias globally (−6.5% for
u10m and −23% for u3.41
10m). The largest biases are on the or-
der of 0.5–1ms−1 co-located with relatively low wind speed
regions where scatterometer retrievals typically overestimate
buoy observations (Bentamy et al., 1999). We also examine
the impact of degrading our horizontal resolution by com-
paring the SS emission potential at different resolutions for
QuikSCAT (2◦×2.5◦ and 1◦×1◦) and GEOS-5 (2◦×2.5◦
and 0.5◦ ×0.667◦). We ﬁnd that horizontal resolution has
minimal impact, affecting our daily SS emission potential by
less than 4% and annual mean SS emissions potential by less
than 2%.
We repeated the same analysis for GEOS-4 winds for the
years 2005 and 2006 (not shown). We found that GEOS-4
winds have a global positive bias of 0.2ms−1 (+4% bias)
compared to both NCEP and GEOS-5 winds, systemati-
cally overestimating winds over the Southern Ocean by 0.5–
1ms−1. The SS emission potential calculated with GEOS-4
winds is 18% higher than GEOS-5 and NCEP. Both GEOS-
4 and GEOS-5 do assimilate QuikSCAT as well as other
surface wind observations from other satellites, ships, and
buoys. However, theimprovedverticalresolution, turbulence
model, and observation operator for scatterometer winds in
GEOS-5 has led to improvements in the 10-m winds in the
analyses over GEOS-4 (S. Pawson and A. Molod, personal
communication, 2011). A further validation of the GEOS-4
and GEOS-5 winds will be conducted by comparison to ship
observations in Sect. 4.1.
Another difference between in GEOS-Chem when driven
by GEOS-4 or GEOS-5 comes from divergent assumptions
for vertical mixing in the boundary layer. When GEOS-
Chem is driven by GEOS-4 ﬁelds, the assumption is that
concentrations, surfaceemissions, anddrydepositionaredis-
tributed evenly below the top of the boundary layer. The
resulting mixing is thus likely to be too efﬁcient. GEOS-
5 allows for the inclusion of a non-local parameterization
of boundary layer mixing, which is more realistic (Lin and
McElroy, 2010). When we conducted 1-year SS simula-
tions using meteorological ﬁelds for the same year (2005),
wefoundthatSSsurfacemassconcentrationscalculatedwith
GEOS-4 were 40% higher than those with GEOS-5. Most of
this GEOS-4 overestimate is due to its too fast winds relative
to GEOS-5.
In this paper we will use the GEOS-5 simulation as our
standard reference. However to compare to cruise observa-
tions prior to 2004 we have to rely on the GEOS-4 ﬁelds (at
the time of this work, GEOS-5 analyses were not available
prior to 2004). Thus all the GEOS-4 calculated SS surface
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concentrations are scaled by a factor of 0.7 in order to have
consistencywiththesimulationsconductedwiththeGEOS-5
ﬁelds.
2.4 Simulations conducted in this work
For comparison to the PMEL cruise observations, we con-
duct SS-only simulations corresponding to the time period
of each cruise assuming one size bin for accumulation mode
SS and one for coarse mode SS. The assumed size bins corre-
spond to the cut-off diameters of the samplers (see Sect. 3.1).
The model is sampled every 30min at the closest time and
location along the cruise track. The modelled SS concen-
trations are then averaged over the measurement sampling
times, which range from 2h to 24h.
MODISandAERONETmeasuretotalAOD,thusforcom-
parison to GEOS-Chem we need to calculate the concentra-
tions and AOD of all aerosols. In addition to SS, we also
consider the contributions from dust, black carbon and or-
ganic carbon aerosols as well as from sulfate, nitrate, and
ammonium aerosols. We have thus conducted a coupled
aerosol-oxidant simulation for 2005–2008. For this simu-
lation, we used three SS size bins: one accumulation mode
(rdry =0.01−0.5µm)andtwoforcoarsemodeaerosols(0.5–
4µm and 4–10µm). We have separated the coarse mode SS
into two bins as the larger aerosols (4–10µm) have a much
shorter lifetime than the smaller coarse mode SS. The two
coarse mode bins use the same optical properties (Sect. 2.2).
The aerosol-oxidant simulation in GEOS-Chem is described
in detail in Bey et al. (2001), Martin et al. (2003), and Park
et al. (2004).
In addition to standard model simulations using the Gong
(2003) SS source function (MODEL-STD), we will also con-
duct two additional SS simulations with empirically-derived
source functions (Table 1), as discussed in Sect. 4. Simula-
tions based on three other source functions (Monahan et al.,
1986; M˚ artensson et al., 2003; Clarke et al., 2006) are pre-
sented in the Supplement.
3 Observations
3.1 In situ observations of sea salt concentrations
We analyze SS observations collected on six PMEL
cruises: the Radiatively Important Trace Species cruise
in March–May 1993 (RITS93), the First Aerosol Charac-
terization Experiment (ACE1) cruise in October-December
1995, the AEROSOLS99 and Indian Ocean Experiment
(AEROINDO99) in January–March 1999, the Asian Pa-
ciﬁc Regional Aerosol Characterization Experiment (ACE-
Asia) in March–April 2001, the International Chemistry
Experiment in the Arctic LOwer Troposphere (ICEALOT)
in March–April 2008, and the VAMOS Ocean-Cloud-
Atmosphere-Land Study (VOCALS) in October-December
2008 (Table 2). Figure 1 displays the cruise tracks for these
six experiments.
Two-stage multijet cascade impactors (Berner et al., 1979)
were used to determine the inorganic ion concentrations of
submicron and supermicron aerosols for all cruises, except
RITS93 for which a seven-stage impactor was used. The air
drawn into the instrument inlet was kept at a constant relative
humidity (RH=30% for RITS93, 30–45% for ACE1, 55%
for ACE-Asia, AEROINDO99 and VOCALS, and <25% for
ICEALOT). Aerosol particles were sampled 18m above the
sea surface through a heated mast that extended 5m above
the aerosol measurement container. The mast was capped
with a cone-shaped inlet nozzle that was rotated into the rel-
ative wind to maintain nominally isokinetic ﬂow and min-
imize the loss of coarse mode particles. The transmission
efﬁciency of the inlet was >90% for particles with an aero-
dynamic diameter of 6.5µm (Bates et al., 2002). The 50%
aerodynamic accumulation and coarse mode cut-off diame-
ters were 1.1 and 10µm for all cruises except RITS93 for
which 1µm and 8µm were used. For comparison to aerosol
mass calculated with GEOS-Chem, we convert these aero-
dynamic cut-off diameters at instrumental RH to dry geo-
metric radii. This conversion is done using observed aerosol
densities of 1.6gm−3 and 1.3gm−3 for accumulation and
coarse mode aerosols under marine conditions (Quinn et al.,
2001) and assuming a hygroscopic growth of 1.4 for sea salt
and 1.15 for sulfate aerosols at 50% RH (Berg et al., 1998).
We ﬁnd that the sampling conditions during these cruises
correspond approximately to dry geometric radii of 0.3µm
and 3µm. For the ICEALOT and RITS93 the air was sam-
pled at near dry conditions. Assuming an aerosol density
of 1.7gm−3 (Quinn et al., 1996) and a dry aerosol, we ob-
tain dry geometric radii of 0.3 and 3.05µm for RITS93 and
0.4 and 3.8µm for ICEALOT. Thus for ICEALOT we will
use 0.01–0.4µm and 0.4–3.8µm size bins for accumulation
mode and coarse mode SS in the GEOS-Chem calculations.
For all other cruises we use model bins of 0.01–0.3µm (ac-
cumulation mode) and 0.3–3µm (coarse mode).
Concentrations of Na+ and Cl− are measured by ion chro-
matography (Quinn et al., 1998). Assuming that all mea-
sured Na+ and Cl− are derived from seawater, SS con-
centrations are calculated from: SS (µgm−3)=Cl−(µgm−3)
+1.47×Na+(µgm−3) (Quinn and Bates, 2005). The sam-
pling period of the impactor ranged from 2 to 24h, with
a mean of 11h. For an average ship speed of 13knots
(24kmh−1)thiscorrespondstomeasuringSSconcentrations
over 50–580km, with a mean of 265km. This scale is com-
parable to our model grid-size (∼200–300km).
The wind speeds reported from the ships were measured
by a sensor mounted on the meteorological mast at heights
of 14–33ma.s.l. depending on the cruise. We relate the ship
wind speed to 10m wind speed using the power law wind
proﬁle exponent of Hsu et al. (1994).
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Table 1. Simulations conducted in this work.
Model Description SS source function
MODEL-STD Standard model simulation Gong (2003), Eq. (1)
MODEL-U2 Simulation with quadratic wind speed dependence Eq. (3)
MODEL-SST Simulation with sea surface temperature dependence Eq. (4)
For comparison to observations each of these simulations is conducted with the appropriate bin sizes. For in situ PMEL cruises and ground-based stations we conduct simulations
with two bins: 0.01–0.3µm dry radius (accumulation mode) and 0.3–3µm (coarse mode). One exception is the ICEALOT cruise for which we use 0.01–0.4µm and 0.4–3.8µm. For
MODIS and AERONET, we use 3 bins: one accumulation mode (0.01–0.5µm) and two coarse mode (0.5–4µm and 4–10µm) bins.
Table 2. Summary of observed wind speed, SST, and SS concentrations for the PMEL cruises.
Experiment Date Location Wind SST Coarse mode Accumulation
mode SS
[ms−1] [◦C] SS [µgm−3] [µgm−3]
RITS93 Mar–Apr 1993 Paciﬁc+Southern Oceans 8.9±3.7 15±11 6.9±3.9 0.72±0.65
ACE1 Oct–Dec 1995 Paciﬁc+Southern Oceans 7.2±2.3 17±7 8.0±4.6 0.45±0.31
ICEALOT Mar–Apr 2008 N. Atlantic Ocean 9.0±3.8 4±2.5 5.1±4.8 0.83±0.50
AEROINDO99 Jan–Mar 1999 Atlantic+Indian Oceans 5.4±2.3 27±3 6.6±4.7 0.13±0.11
ACE-Asia Mar–Apr 2001 NW Paciﬁc Ocean 6.8±3.0 17±3 5.9±4.5 0.23±0.14
VOCALS Oct–Dec 2008 SE Paciﬁc Ocean 6.0±1.7 19±1 5.2±2.3 0.11±0.57
The mean and standard deviations for the wind speed and SST are averaged over the SS measurement time.
In addition, we also use in situ observations from the
University of Miami network of aerosol sampling stations
(Savoie and Prospero, 1977). This network includes 35
stations, which were established in the early to mid-1980s
and operated until the late 1990s. Aerosols were collected
by high-volume ﬁlter samplers and analyzed for the major
aerosol species, including Cl− and Na+. Similarly to the
PMEL observations, we calculate SS concentrations based
on the measurements of Cl− and Na+. SS measurements at
many of the coastal stations were affected by local surf con-
ditions and are thus not representative of open ocean condi-
tions. Thus we only use the 15 stations where the data quality
was deemed acceptable by the investigators (J. Prospero, per-
sonal communication, 2010). We will compare this dataset’s
monthly mean SS observations, which were collected over
multiple years, to monthly mean GEOS-Chem values over
the years 2005-2008. We use the same size bins as for the
PMEL simulations (upper dry radius cut-off of 3µm). Given
that the University of Miami samplers operated at ambient
conditions (RH∼80%) with a PM10 inlet, this might lead to
a slight overestimate in SS concentrations.
3.2 AOD observations
MODIS has been providing global measurements of aerosol
optical depth (AOD) since 2000 onboard the Terra satellite
and since 2002 for the Aqua satellite. In this paper we use
MODIS AOD retrieved at 550nm over the oceans from the
Collection 5 algorithm. Remer et al. (2008) has evaluated the
MODIS collection 5 aerosol products ﬁnding that the Aqua
AOD measurements over oceans display the expected accu-
racy (0.03+0.05AOD), but that Terra AOD over the global
oceans is 0.015 higher than Aqua. Thus in this analysis, we
will use MODIS AOD from Aqua, although the comparison
to Terra yields similar results.
The MODIS aerosol products provide a measure of par-
ticle size in the ﬁne mode fraction (FMF). The ﬁne AOD,
calculated using AOD×FMF, is the AOD attributed to accu-
mulation mode particles, while the coarse AOD (AOD×(1-
FMF)) is attributed to coarse particles. In order to relate the
observed reﬂectances to AOD, the MODIS algorithm uses a
look-up table of precomputed reﬂectances corresponding to
nine tropospheric aerosol model types. The assumed effec-
tive radii for accumulation mode “water soluble with humid-
ity” are reff =0.20−0.25µm (σg =1.82µm) while for coarse
mode “wet sea-salt type” reff = 0.98−1.98 (σg = 1.82µm)
under ambient conditions (Levy et al., 2003). This compares
well with our assumed SS reff in GEOS-Chem (Sect. 2.2).
We use Level 3 (L3) global daily MODIS Aqua data on a
1◦×1◦ grid. For comparison to GEOS-Chem the daily ob-
servations are regridded onto a 2◦ ×2.5◦ grid. In order to
calculate monthly and annual mean AOD, we only use high-
quality daily L3 data (conﬁdence-weighted QAmean prod-
ucts) which we weight by the number of Level 2 retrievals
in each 2◦ ×2.5◦ grid box as recommended by Remer et
al. (2008) and Levy et al. (2009). In addition, we exclude
observations with MODIS cloud fraction larger than 50%
and with fewer than 20 pixels in each 2◦×2.5◦ box. These
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procedures help minimize AOD enhancements due to cloud
artifacts (Zhang et al., 2005; Zhang and Reid, 2006). These
observations are compared to the daily GEOS-Chem model
output (2005–2008) sampled under cloud free conditions at
the Aqua satellite overpass time.
The ground-based Aerosol Robotics Network
(AERONET) consists of hundreds of automatic instruments
that measure AOD with a 0.01 accuracy (Holben et al., 1998;
Smirnov et al., 2000). We use Level 2 Quality Assured
AERONET climatological monthly mean average from
sites for which at least 3 years of observations are available
(http://aeronet.gsfc.nasa.gov/cgi-bin/climo menu v2 new).
We interpolate the AERONET AOD to 550 nm based on
a quadratic interpolation in log/log space of the measured
AOD at 440, 500, 670 and 870nm. We also use Level 2
AOD observations from the Maritime Aerosol Network
(MAN), which is a component of AERONET (Smirnov
et al., 2009). Between 2006 and 2008, these AOD mea-
surements were collected on 17 ships of opportunity and
research vessels (http://aeronet.gsfc.nasa.gov/new web/
maritime aerosol network.html).
4 Constraints from in situ measurements: PMEL
cruises and ground-based sites
4.1 Comparison between PMEL observations and
GEOS-Chem
Table 2 summarizes the mean wind, SST, and SS observa-
tions observed during each of the 6 PMEL cruises. Mean
coarse mode SS concentrations range from 5.1 to 8µgm−3
and account for ∼94% of the total SS mass concentra-
tions. Figure 3 compares the observed coarse mode SS to
the GEOS-Chem model (rd =0.3−3µm) sampled along the
cruise tracks. Also shown are observed and modeled wind
speeds, as well as observed SST. We ﬁrst examine the cruises
with the highest observed wind speeds (RITS93, ACE1, and
ICEALOT) in Fig. 3a. During these cruises winds often ex-
ceeded 10ms−1 for prolonged periods (24–72h) when the
ship encountered frontal passages at mid- and high-latitudes
in both the northern and southern hemisphere (Quinn et al.,
1996; Hainsworth et al., 1998).
The standard model (MODEL-STD, in red) systematically
overestimates the observed coarse mode SS concentrations
by factors of 2–3 under these high wind conditions poleward
of 40◦. For RITS93, the model is too high by a factor of ∼3
on julian days 82–97 as the ship was sailing in the Roaring
Forties, and then again on days 121–125 when the ship sailed
in the N. Paciﬁc mid-latitude westerlies (Fig. 3a). For ACE1,
the model overestimates measured SS by a factor of 2 under
the high winds observed after day 321, when the ship was
south of Australia. Under the North Atlantic stormy con-
ditions sampled during ICEALOT, the model was also sys-
tematically too high (days 89–90, 92–94, 106, 109). In con-
trast, the model tends to underestimate observed SS in the
tropics and subtropics when winds of intermediate intensity
(8–15ms−1) were encountered in the central Paciﬁc during
RITS93 (days 101–102 and 111–113) and ACE-1 (days 292–
296, Fig. 3a). Similar model underestimates of observed SS
concentrations can be seen for AEROINDO99 in the Tropi-
cal Atlantic for days 25–28 and in the Tropical Indian Ocean
for days 67–82 (Fig. 3b). For ACE-Asia and VOCALS, dis-
agreement with observations is not as pronounced as for the
other cruises.
The comparison between modeled and observed SS for all
cruises is summarized in Table 3 and Fig. 4b. Overall, for
coarse mode SS MODEL-STD displays a mean normalized
bias of +64% (mean normalized gross error of 120%) with
a correlation coefﬁcient of 0.55. The correlation coefﬁcients
for individual cruises range from 0.35 to 0.78 (Fig. 3). Only
half of the model points lie within a factor of 2 of observa-
tions (dashed lines in Fig. 4b). For accumulation mode SS,
the model is in reasonable agreement with observations, with
a mean normalized bias of +7% and a correlation coefﬁcient
of 0.62 (Table 3).
As shown in Fig. 4a, the model meteorological
ﬁelds generally capture the observed u10m quite well
(model/obs=0.99, r = 0.84). For this ﬁgure, we have av-
eraged u10m over the aerosol sampling time. We note that
the model tends to underestimate observed u10m under low
wind conditions (<6ms−1). This could be due to small-
scale variations in wind speed that are not captured by the
model. For intermediate and large winds (>6ms−1) where
SS emissions become important, modeled u10m is nearly al-
ways within 25% of observations. If we focus only on winds
fasterthan6ms−1, theGEOS-5winds(usedintheVOCALS
andICEALOTsimulations)showlessbiasandbettercorrela-
tion with observations (model/obs=1.02, r =0.91) than the
GEOS-4 winds (model/obs=1.08, r =0.74), consistent with
our earlier ﬁndings (Sect. 2.3).
We further examine the model bias for coarse mode SS by
excluding observations affected by rain. This greatly reduces
the number of available points (from 383 to 134) but does
not change the level of disagreement. The bias also persists
if we only consider observations affected by rain during the
sampling period. We use this to argue that model errors in
the representation of wet or dry deposition cannot explain the
poor model performance. Dry deposition dominates the loss
of coarse mode SS and considerable uncertainty remains on
thecalculationofvd. LewisandSchwartz(2004, p.277–283)
assess different model formulations for vd, ﬁnding that they
generally agree to within a factor of 2. This is a smaller range
of uncertainty than that associated with SS emissions (factor
of 4). In the rest of this paper we thus focus on potential
biases associated with the SS source function, its wind speed
dependence and its dependence on other variables.
We examine the wind speed dependence of observed and
modeledcoarsemodeSSinFig.5a. Theobservationsdisplay
a ∼u0.7
10m dependence, with a correlation coefﬁcient r =0.5.
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Table 3. Comparison between SS mass observed concentrations and model simulations.
Model Mean normalized Mean normalized Correlation
bias1 gross error2 coefﬁcient, r
PMEL Coarse mode SS (383 points)3
MODEL-STD +64% 120% 0.55
MODEL-U2 +120% 159% 0.54
MODEL-SST +33% 77% 0.71
PMEL Accumulation mode SS (375 points)3
MODEL-STD +7% 75% 0.62
MODEL-U2 +17% 76% 0.57
MODEL-SST +6% 73% 0.52
University of Miami monthly total SS at 15 sites (180 points)
MODEL-STD +32% 88%
MODEL-U2 +20% 64%
MODEL-SST −5% 40%
1 The mean normalized bias is deﬁned as mean((model-obs)/obs)×100%.
2 The mean normalized gross error is deﬁned as mean(abs(model-obs)/obs)×100%.
3 For the PMEL cruises we only use open ocean points, deﬁned as measurements taken in model grid-boxes where the ocean accounts for at least 70% of the surface area. This
eliminates ∼5% of observations.
Thus only 25% of the variance in observations is due to wind
speed, in agreement with the low correlations found in pre-
vious studies (e.g., O’Dowd et al., 1997; Gong et al., 1997b;
Bates et al., 1998; Quinn and Coffman, 1999; Kleefeld et
al., 2002; Shinozuka et al., 2004). The remaining variance
could be due to variability in relative humidity, wet and dry
deposition, advection, vertical mixing, and wind fetch in-
tegrated over the lifetime of SS. In theory, the model takes
into account these other factors, yet modeled SS concentra-
tions display a stronger wind speed dependence (∼u10m1.5,
r =0.74) than observed. We will ﬁrst explore the possibility
that the assumed SS source function (Eq. 1) has too strong a
dependence on u10m.
4.2 Dependence of sea salt emissions on u10m
We use the GEOS-Chem model to calculate the mean resi-
dence time (τSS) of coarse mode SS (rd =0.3−3µm) in the
surface layer with respect to wet and dry deposition. We
ﬁnd that over the PMEL cruise tracks τSS = 6h, with dry
deposition accounting for ∼70% of total deposition, consis-
tent with previous estimates (e.g. Gong et al., 1997a; Lewis
and Schwartz, 2004). Given this short lifetime, we can as-
sume local mass balance for coarse mode SS, meaning that
at the time and location of measurements, SS emission and
loss are equal. This yields a linear relationship between E
(sea salt emissions, µgm−2 d−1) and C (surface sea salt mass
concentrations, µgm−3): E =α×C, with the linear coefﬁ-
cient α depending on τSS and the depth of the surface layer
(zSL): α = zSL/τSS. In practice, we calculate α with the
GEOS-Chem model as α =Emodel/Cmodel. Thus we can use
the model to infer coarse mode SS emissions (Eobs) from
observed concentrations (Cobs) through:
Eobs =
Emodel
Cmodel
×Cobs. (2)
In the above equation we neglect horizontal advection as the
mean travel time (u10m ×τSS) for SS is ∼120km, which
is relatively short. At very high wind speeds (>15ms−1)
the travel time decreases to ∼100km because of the wind
speed dependence of dry deposition. Our approach in de-
riving Eq. (2) is similar to the steady-state dry deposition
method that has been used by many investigators to derive
SS production ﬂux from size-dependent concentration mea-
surements (see review by Lewis and Schwartz, 2004, p. 101–
105), but here we use both wet and dry deposition.
The resulting Eobs is evaluated at each point and is shown
as a function of u10m in Fig. 5b. Eobs and Emodel are in
overall agreement for u10m below 10ms−1, but above that
threshold they diverge markedly with Eobs being lower than
Emodel. Applying a least-squares ﬁtting, we ﬁnd that Eobs
displays a quadratic wind speed dependence (u2.07
10m) instead
of u3.41
10m assumed in Emodel.
Based on Fig. 5b, we modify Eq. (1) to match our
empirically-derived Eobs:
dF
dr80
=25.5u2.07
10mr−A
80 (1+0.057r3.45
80 )×101.607e−B2
. (3)
We have changed both the exponent in the wind power law
dependence and the constant proportionality factor. The
GEOS-Chem simulation conducted with this new source
function will be referred to as MODEL-U2 (Table 1), and
we will examine its performance in Sect. 4.4.
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Fig. 3a. Timeseries of coarse mode SS mass concentration dur-
ing the RITS93, ACE1, and ICEALOT PMEL cruises. For each
cruise, observations of sea salt concentrations are shown with black
circles. The horizontal bar corresponds to the instrumental aver-
aging period. The three lines are the three different models: stan-
dard model (MODEL-STD, red), model using Eq. (3) (MODEL-
U2, blue), model using Eq. (4) (MODEL-SST, green). The bot-
tom panel shows the timeseries of observed 10m wind speed (black
dots) compared to the modeled windspeed (red line) as well as the
observed SST (blue).
4.3 Dependence of sea salt emissions on SST
We now investigate the possibility that Eobs depends not
only on u10m, but also on other environmental variables,
which might co-vary with u10m. As reviewed by Lewis and
Schwartz (2004, page 266–272) a number of potential fac-
tors could affect SS emissions in addition to u10m, including
SST, atmospheric stability, salinity, and surface-active ma-
terials. We examined the relationship between the ratio of
observed to modeled SS mass concentrations (Cobs/Cmodel)
and a number of these variables for u10m > 6ms−1. We
found no dependence on observed salinity or chlorophyll
concentration (as a proxy for surface-active materials).
We did however ﬁnd a strong relationship between
Cobs/Cmodel and SST (Fig. 6). Figure 6 shows that the
model overestimates observations for SST<10 ◦C and un-
derestimates observations for SST>25 ◦C. This conﬁrms
what we noted above when examining individual cruises:
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Fig. 3b. Same as Fig. 3a but for the AERODINDO99, ACE-ASIA,
and VOCALS PMEL cruises.
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Fig. 4. Comparison between model and observations for all six
PMEL cruises: (a) 10m wind speed averaged over the SS sampling
time; (b) coarse mode mass concentrations. The 1:1 line is shown
by a solid line. The dashed lines correspond to ±25% on panel
(a) and to ×/÷2 on panel (b). The mean model to observation
ratio, correlation coefﬁcient, and number of points are indicated on
each panel ﬁgure.
the model is too high at mid- and high-latitudes (cold SST),
but too low in the tropics (high SST). This is a consistent
pattern across multiple cruises. The large model underesti-
mate for SST>25 ◦C comes from observations in the Trop-
ical Paciﬁc (ACE1 and RITS93) as well as from the Tropi-
cal Atlantic and Indian Oceans (AEROINDO99). The model
overestimate for SST<10 ◦C comes from observations in
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Fig. 5. Wind speed dependence of coarse mode SS concentrations
(a) and emissions (b). The PMEL observations are shown with
ﬁlled black circles and the standard model with open red circles.
The observed SS emissions are derived using Eq. (2) (see text). The
lines correspond to least-squares ﬁtting of the model and observa-
tions to a function of the form A×ub
10m. The values of A and b are
indicated on the ﬁgure.
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Fig. 6. Ratio of observed to modeled (MODEL-STD) mass
concentrations of coarse mode SS as a function of observed
sea surface temperature (SST). Each PMEL cruise is in-
dicated by different colored circles. We only show points
where u10m > 6ms−1. The red line is the result of a
least-squares ﬁtting of the points to a 3rd order polynomial:
Cobs/Cmodel =0.3+0.1×SST−0.0076×SST2 +0.00021×SST3.
Also shown are the observed to modeled ratios for the 15 ground-
based stations (black diamonds).
the Southern Ocean (RITS93 and ACE1), North Paciﬁc
(RITS93), and North Atlantic (ICEALOT).
Physically, there are a number of possible mechanisms by
which SST could affect SS production. The kinematic vis-
cosity of seawater has a strong dependence on temperature,
decreasing by a factor of 2.2 between 0 and 30 ◦C (e.g. Chen
et al., 1973). As the terminal velocity of a bubble is inversely
proportional to the kinematic viscosity of the surrounding
ﬂuid, bubbles in warmer waters will rise more quickly to
the surface (Lewis and Schwartz, 2004, p. 250–254). This
would increase the number of smaller bubbles reaching the
surface in warm waters, and thus increase the production of
large SS particles (rd >0.5µm) by jet drops. Lower viscosity
might also lead to more efﬁcient wave breaking and a length-
ened lifetime for individual whitecaps (Anguelova and Web-
ster, 2006). In addition, the SST can affect the rate of gas-
exchange between the bubble and surrounding ﬂuid and thus
the number and size distribution of bubbles reaching the sur-
face. In laboratory whitecap experiments several investiga-
tors have reported increasing production of SS with increas-
ing water temperature for particles with rd >∼0.5µm, with
factors of ∼2–3 increase between 5 ◦C and 25 ◦C (Bowyer,
1984, 1990; Woolf et al., 1987; M˚ artensson et al., 2003; Sel-
legri et al., 2006). Photographic whitecap measurements un-
der a wide range of SST indicate nearly an order of magni-
tude increase in whitecap coverage between the coldest and
warmest waters, although the large scatter in the data and
the relatively few measurements under warm SSTs have pre-
vented ﬁrm conclusions (e.g., Lewis and Schwartz (2004),
p. 266–269; Anguelova and Webster (2006) and references
therein). These observed SST-dependencies are thus consis-
tent with Fig. 6, which shows a factor of 2–6 increase be-
tween 5 ◦C and 30 ◦C.
We ﬁt the ratio of observed to modeled concentrations
(which is equal to Eobs/Emodel) with a third order polyno-
mial function indicated by the red line in Fig. 6. We use this
polynomial ﬁt to modify the source function in Eq. (1) and
derive a second empirically-based SS source function:
dF
dr80
=(0.3+0.1×T −0.0076×T 2+0.00021×T 3)
1.373u3.41
10mr−A
80 (1+0.057r3.45
80 )×101.607e−B2
(4)
where T is the SST expressed in ◦C. For simplicity, we chose
to use a single function over the entire SST range shown in
Fig. 6. We note, however, that this choice leads to a conser-
vative estimate of the SST dependence as it does not fully
capture the steep rise in Cobs/Cmodel points for SST>25 ◦C.
The GEOS-Chem simulation conducted using Eq. (4) will be
referred to as MODEL-SST (Table 1).
4.4 Performance of new SS source functions for PMEL
cruises
We evaluate the performance of MODEL-U2 (blue line) and
MODEL-SST (green line) in Fig. 3. Relative to the stan-
dard simulation, MODEL-U2 leads to a reduced bias for
all individual cruises except for VOCALS where the low
winds combined with Eq. (3) overestimates the observations
(Fig. 3). However, using a quadratic dependence on wind
speed for the source function results in a reduced variability
in the predicted SS concentrations and a decrease of the cor-
relation coefﬁcient for individual cruises (Fig. 3). Overall,
MODEL-U2 displays a worse performance than MODEL-
STD, with a mean normalized bias of +120% (Table 3).
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MODEL-SSTreducesthebiassigniﬁcantlyandleadstoan
increase in the correlation between model and observations.
For example, for RITS93 the model bias is reduced from
107% to 53% and the correlation coefﬁcient increases from
0.35 to 0.65. For AEROINDO99, the bias is reduced from
−39% to −13% and the correlation coefﬁcient increases
from 0.78 to 0.83. Overall, using MODEL-SST the mean
normalized bias is reduced from +64% to +33% and the cor-
relationcoefﬁcientincreasesfrom0.55to0.71(Table3). The
mean normalized gross error is reduced from 120% to 77%.
For accumulation mode SS, MODEL-SST yields a slight de-
crease in the bias (from +7% to +6%) with a slightly lower
correlation coefﬁcient compared to MODEL-STD (Table 3).
In a previous study, Witek et al. (2007) found that
the NAAPS model overestimated mass concentrations mea-
sured during 4 PMEL cruises: AEROINDO99, ACE-Asia,
NEAQS-2002, and NEAQS-2004. The overestimate seemed
to be more pronounced at high wind speeds, consistent with
our results. However, when they examined how Cobs −
Cmodel varied as a function of SST, they did not ﬁnd any
trend (see their Fig. 9). When we examine Cobs−Cmodel for
AEROINDO99 and ACE-Asia (we do not include NEAQS-
2002 and 2004 in our analysis because these cruises took
place mostly in coastal environments), we also do not ﬁnd
any noticeable relationship. This is because the difference
between model and observations is inherently a function of
wind speed (see Eq. 2), while the ratio Cobs/Cmodel elim-
inates most of the wind speed inﬂuence and highlights the
SST dependence. Indeed, when we plot Cobs/Cmodel for
AEROINDO99 and ACE-Asia (not shown), we do ﬁnd a re-
lationship as a function of SST, which is further enhanced by
the inclusion of the other 4 open-ocean cruises spanning a
larger range of SST.
4.5 Performance of new SS source functions for
ground-based observations
We now compare the three models against independent SS
observations from the University of Miami ground-based
network (Fig. 7). MODEL-STD overestimates observations
by factors of 2–6 at the three sites with the coldest SST:
Palmer Station, King George Island, and Marion Island (sites
1–3, see locations in Fig. 1a). For the more temperate mid-
latitude sites (sites 4–8), MODEL-STD is generally within
10–30% of observations. One exception is Cape Grim,
where MODEL-STD underestimates observations by a fac-
tor of 2. Finally, SS observations at tropical and subtropical
sites (sites 9-15) are higher than MODEL-STD by factors of
1.5–4. When we examine the relationship of annual mean
Cobs/Cmodel−STD for these 15 ground sites (black diamonds
in Fig. 6), we ﬁnd the same overall pattern as for the PMEL
cruises. We note that the points for the tropical and sub-
tropical sites (SST>23◦) lie at the upper edge of the enve-
lope of PMEL points and might indicate a contribution from
local surf.
Including the SST dependence to the source function leads
toimprovedagreementwithobservations. MODEL-SSTdis-
plays a reduced positive bias at the coldest sites (sites 1-3),
reduced negative bias at the warmest sites (sites 9–15), and
similar degree of agreement at temperate sites (4–8). Overall
the mean normalized bias is reduced from +32% (MODEL-
STD) to −5% (MODEL-SST), and the mean absolute bias
is reduced from 88% to 40% (Table 3). Note the much im-
proved agreement at King George Island (site 2), Reunion
Island (site 9) and Miami (site 13). The results for MODEL-
U2 lie between the other two model simulations.
In summary, MODEL-SST yields an improved simulation
compared to MODEL-STD for PMEL cruises observations
(by design as Eq. (4) was based on these observations). An
independent evaluation of MODEL-SST with the U. Miami
ground-based observations also yields improved agreement.
MODEL-U2 does not perform as well as MODEL-SST and
results in worse agreement for the PMEL cruises. Thus the
hypothesis that SS emissions have a lower wind speed power
law does not seem to be supported by observations. In-
stead, the quadratic u10m dependence we found in Fig. 5 can
be reproduced with MODEL-SST because the highest wind
speeds were generally found over cold SSTs. In the rest of
the paper we do not discuss MODEL-U2 anymore and only
focus on MODEL-STD and MODEL-SST.
5 Consistency with AOD observations
5.1 MODIS Aqua AOD
The multi-year (2005–2008) annual mean ocean AOD from
MODIS Aqua is compared to the GEOS-Chem AOD in
Fig. 8. The model is sampled only when MODIS observa-
tions are available. In addition, we only show grid-boxes
with at least 100 valid days of observations over that 4 year
period. Next to the total AOD, we also show the coarse mode
AOD.Forthemodel, this corresponds totheAODduetodust
and coarse mode SS.
Both MODIS and MODEL-STD show the same general
features, with enhancements in AOD downwind of anthro-
pogenic source regions in E. Asia, India, and N. America as
well as downwind of biomass burning and dust regions in
Africa. We note that downwind of North Africa, the model
overestimatescoarsemodeAODbyafactorof∼2, likelydue
to an overestimate of Saharan dust emissions in GEOS-Chem
as discussed in Generoso et al. (2008).
Over the tropical/subtropical oceans (Paciﬁc, South At-
lantic, Indian Ocean), MODEL-STD is a factor of 2 lower
than MODIS. In these remote regions, MODIS coarse mode
AOD accounts for 50–70% of the AOD and dominates the
spatial variability (Fig. 8). MODIS coarse mode AOD
reaches up to 0.1 over the trade wind regions the Paciﬁc
and Indian Oceans. In contrast, the MODEL-STD coarse
mode AOD barely reaches 0.05 in these regions where no
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Fig. 7. SS mass concentrations measurements at 15 U. Miami ground-based stations. The locations of the stations are indicated in Fig. 1a.
The observations are shown with black lines and error bars corresponding to the standard deviation of the multi-year mean. Three model
simulations are shown (MODEL-STD in red, MODEL-U2 in blue, and MODEL-SST in green), with the seasonal variations calculated from
2005–2008 monthly means. For MODEL-SST the grey area indicates the interannual variability for these four years. The annual mean u10m
and SST are listed in each panel. When the stations are located in regions surrounded by sea ice (Palmer Station and King George Island) we
use the SST of the closest ice-free region.
dust is expected. The difference between MODEL-STD and
MODIS (Fig. 9) is larger than the MODIS expected error
±(0.03+0.05AOD). MODEL-STD overestimates MODIS
AOD over the North Paciﬁc (poleward of 40◦ N) and over the
Southern Ocean by 0.02–0.04 (Figs. 8 and 9). Most of this
overestimate is due to coarse mode AOD, which MODEL-
STD overestimates by 25–50%.
Figure 10 shows that the ratio of MODIS to MODEL-
STD annual mean AOD (AODMODIS/AODMODEL−STD) has
a strong SST dependence. For this ﬁgure, we only include
points where u10m >6ms−1 and where the modeled SS con-
tribution to the total AOD is greater than 60%. The SST
dependence is similar to the one we found when comparing
GEOS-Chem to the PMEL cruise and ground-based obser-
vations (see red line in Fig. 10), but the MODIS points tend
to fall above the PMEL ﬁt. We will examine this issue in
more detail below as we compare the model to AERONET
observations (Sect. 5.2).
As shown in Figs. 8 and 9, inclusion of our SST-dependent
SS source function in MODEL-SST eliminates most of the
discrepancies with MODIS over both tropical and high lati-
tude regions: over most of the global oceans the difference
between MODIS and MODEL-SST is below 0.04 and of-
ten below 0.02. Over the Southern Ocean, MODEL-SST is
slightly lower than MODIS.
The remaining area where MODEL-SST displays signiﬁ-
cant differences is located in the equatorial Atlantic over the
Gulf of Guinea, where the model is much lower than obser-
vations. The ﬁne mode AOD agrees well (not shown) and
the discrepancy is associated with coarse mode AOD and is
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Fig. 8. Annual mean total AOD (left panels) and coarse mode AOD
(right panels) at 550nm over the oceans for 2005–2008. Top row:
MODIS Aqua. Central row: GEOS-Chem MODEL-STD. Bottom
row: MODEL-SST. The daily model AOD are sampled only on the
days where MODIS AOD is available. Only grid-boxes with more
than 100days of dataavailability (over the4 year period)are shown.
The model coarse AOD is calculated as the sum of AOD from dust
and coarse mode SS. Note the different colorbars for the left and
right columns.
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Fig. 9. Difference between annual mean MODIS Aqua and GEOS-
Chem total AOD (left column) and coarse mode AOD (right col-
umn) for 2005–2008. Top panels: MODIS minus MODEL-STD.
Bottom panels: MODIS minus MODEL-SST.
present throughout the year. This is a region with low wind
speeds (3–6ms−1, Fig. 1a) and thus the model predicts very
little SS. The reasons for the discrepancy are unclear, and
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Fig. 10. SST dependence of the ratio of annual mean MODIS Aqua
to MODEL-STD AOD. We only show points for regions where
u10m > 6ms−1 and modeled SS account for more than 60% of
the total modeled AOD. The blue triangles correspond to the annual
mean ratio of the 17 AERONET sites displayed in Fig. 11. The
green squares are for the Maritime Aerosol Network (AERONET-
MAN) binned by SST. The red line is the polynomial ﬁt obtained
from least-squares ﬁtting of Cobs/Cmodel in Fig. 6.
could be associated with errors in model winds in that re-
gion, or alternatively as this region near the ITCZ is partic-
ularly cloudy, the observed high AOD could be due to cloud
contamination in the MODIS retrieval.
5.2 AERONET AOD
We select 17 AERONET stations for which GEOS-Chem
predicts that SS account for at least 50% of the AOD
(see location of sites in Fig. 1b). The comparison to
MODEL-STD in Fig. 11 displays the same overall pattern:
model AOD is too high at high- and mid-latitude sites (sta-
tions 1–4, with SST<20 ◦C), model AOD is too low for
warm tropical sites (stations 7–13, SST>26 ◦C), and there
is relatively good agreement for temperate sites (stations
5, 14, 15, 16, 17, 20◦ <SST<26 ◦C). The discrepancy
(AODAERONET/MODEL−STD, using annual mean values) has
a very similar SST-dependence as the ﬁt from the PMEL ob-
servations (Fig. 10), but generally falls below the MODIS
points for SST<18 ◦C.
This offset between AERONET and MODIS could be
caused by residual cloud contamination in MODIS, as cloud
cover is particularly extensive at high latitudes with colder
SSTs. Some of the bias could also be due to the assump-
tion of a constant wind speed of 6ms−1 in the calculation
of ocean surface reﬂectance in the MODIS algorithm (Levy
et al., 2003). Because of this assumption, the enhanced
surface reﬂectance due to whitecaps could be attributed to
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Fig. 11. Seasonaly cycle of 550 nm AOD at 17 AERONET sites. Only sites for which SS accounts for more than 50% of AOD are
shown. AERONET observations (black line with error bars) are compared to two model simulations for 2005–2008: MODEL-STD (red)
and MODEL-SST (green with grey shading indicating range of monthly means over the 4 years). Also shown is the MODIS Aqua AOD
sampled at the location of each AERONET site (dashed black line).
atmospheric aerosols, thus overestimating the AOD (Zhang
and Reid, 2006; Kahn et al., 2007). As ocean reﬂectance
due to whitecaps and sun glint reﬂection increase with in-
creasing wind speed and SZA, the potential errors will maxi-
mize at high latitudes. When we sample the MODIS AOD
at the AERONET sites (Fig. 11), we ﬁnd that MODIS is
generally higher than AERONET AOD. The difference be-
tween MODIS and AERONET is largest at Crozet Island and
Dunedin.
The AOD predicted by MODEL-SST is in better agree-
ment with AERONET observations, reducing the positive
bias at cold SSTs and the negative bias at warm SSTs
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(Fig. 11). One exception is Reunion Island (AERONET
site 6), where MODEL-SST is higher than AERONET by
0.03. SS concentrations predicted by MODEL-SST agrees
with observations from the U. of Miami network at Reunion
Island (site 9 in Fig. 6) thus the AOD overestimate likely
comes from a model overestimate of sulfate aerosols. The
high AOD at Nauru cannot be reproduced by MODEL-SST.
However it appears that there are unusually strong surf con-
ditions on this island leading to enhanced production of SS
which can be observed for several km downwind (Henderson
et al., 2006). As the AERONET site is located on the western
side of Nauru, surf zone SS could be transported to that loca-
tion by the dominant easterly winds. At Guam MODEL-SST
underestimates AERONET AOD between July and October,
when winds are at a minimum. The reasons for this underes-
timate are unclear.
WealsoexamineshipboardAODobservationscollectedas
part of the Maritime Aerosol Network (AERONET-MAN),
which is a component of AERONET. MODEL-STD was
sampled at the locations and dates corresponding to the
AERONET-MAN observations. We select a subset of obser-
vations for which u10m >6ms−1 and GEOS-Chem predicts
that SS account for at least 50% of the AOD. Figure 10 shows
that the discrepancy (AODMAN/MODEL−STD, green squares)
for this subset of observations displays a SST-dependence
similar to the ground-based AERONET measurements and
to the ﬁt from PMEL observations. The AERONET-MAN
points at cold SST (<5 ◦C) correspond to measurements
obtained over the Southern Ocean (50◦ S–70◦ S), while the
warm SST measurements were obtained during cruises over
the tropical Atlantic, Paciﬁc, and Indian Oceans.
In summary, AOD observations from MODIS and
AERONET conﬁrm our ﬁnding of a SST-dependent SS pro-
duction. The global coverage afforded by MODIS demon-
strates the large-scale enhancements in AOD in the tropics.
MODEL-SST reproduces most of this tropical/subtropical
enhancement in AOD, which we attribute to SS aerosols pro-
duced efﬁciently under warm SST conditions.
The discrepancy between models and satellite observa-
tions over the tropical/subtropical Paciﬁc ocean has been a
long-standing problem common to many different models
and satellite products. Penner et al. (2002) noted that in
the 10◦ N–30◦ S region models were systematically lower
than AOD retrieved from AVHRR by an average of 0.06.
In an AeroCom model intercomparison study, Kinne et
al. (2006) found that the median AOD predicted by 16
participating models was too low over the tropical oceans
compared to retrievals from multiple satellites (MODIS,
AVHRR, POLDER, TOMS, MISR). This issue remained un-
resolved because comparison with the few AERONET sites
in the region was inconclusive (Chin et al., 2004; Kinne et
al., 2006; Lee and Adams, 2010). Penner et al. (2002) at-
tempted to reproduce the high AODs observed over the trop-
ical oceans by increasing DMS and sea salt ﬂuxes globally.
They found that while this improved agreement in the trop-
ics, it lead to a model overestimate at high latitudes. Our
study demonstrates that a SS source function dependent on
both windspeed and SST can resolve this long-standing un-
derestimate of models in reproducing the high AOD in the
tropics/subtropics without leading to an overestimate at high
latitudes.
6 New sea salt budget
We compare the new SS budget (MODEL-SST) to the
standard model simulation (MODEL-STD) in Table 4 for
the year 2008. Global SS emissions in MODEL-SST,
4600Tgyr−1, are 12% lower than MODEL-STD. We ﬁnd
that 50% of the emissions are for SS with dry radius rd >
4µm, while 49% with 0.5 < rd < 4µm and the remaining
1% in accumulation mode SS (rd <0.5µm). The new mean
global burden of SS is 8.5mgm−2 in MODEL-SST, 6%
lower than MODEL-STD. In both simulations, the burden is
dominated by SS with 0.5<rd <4µm (accounting for 70%
of the burden), followed by SS with rd >4µm (25% of bur-
den)andaccumulationmodeSS(5%). Thelossofaccumula-
tion mode SS is dominated by wet deposition, with an overall
lifetime of 25h. For 0.5<rd <4µm particles size, the life-
timeis12hwithlossequallydistributedbetweenwetanddry
deposition. The lifetime of the larger particle bin decreases
to 4h and is dominated by dry deposition (Table 4).
Our mean global burdens for both simulations are within
the range calculated in previous studies (4.5 to 25mgm−2)
with most studies clustering around ∼10–15mgm−2 (Take-
mura et al., 2000; Grini et al., 2002; Liao et al., 2004;
Alexander et al., 2005; Textor et al., 2006; Ma et al., 2008).
Our emissions are also consistent with past work, and match
the best estimate global SS source of 5000Tgyr−1 of Lewis
and Schwartz (2004).
The spatial distribution of SS emissions, burden, and sur-
face concentrations shows a large geographical shift between
MODEL-STD and MODEL-SST (Fig. 12). Emissions de-
crease by 35–70% for latitudes poleward of 40◦, and increase
by 60% on average between 20◦ S and 20◦ N (Fig. 12a, b, and
c). As a result, the SS burden increases by 50% in the tropics
and decreases by 40% at high latitudes. The new distribution
ofSSinMODEL-SSTismoreuniformwithlatitude(Fig.12,
panels f and i), with nearly equal burdens in the trade winds
(∼14mgm−2) as in the Southern Ocean (∼16mgm−2). In
contrast, for MODEL-STD the zonally averaged burden over
the Southern Ocean (∼28mgm−2) was nearly three times
larger than over the tropical oceans.
Because of the wind speed dependence of dry deposition,
the lifetime of coarse mode SS is longer in tropical regions
(∼15h for the 0.5–4µm size bin) relative to high-latitudes
(∼9h). The lower RH in the subtropics accentuates this by
resulting in lower size-dependent dry deposition ﬂuxes. Thus
the shift in SS emissions from high latitudes to tropical re-
gions in MODEL-SST leads to a slight increase in the global
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Table 4. SS budgets for the standard model (MODEL-STD) and for the model with the SST dependent source function (MODEL-SST) for
the year 2008.
MODEL-STD MODEL-SST
0.01–0.5µm∗ 0.5–4µm 4–10µm Total 0.01–0.5µm 0.5–4µm 4–10µm Total
Emissions (Tgyr−1) 67 2533 2600 5200 59 2241 2300 4600
Dry deposition (Tgyr−1) 4 1306 2040 3350 3 1030 1717 2750
Wet deposition (Tgyr−1) 63 1227 560 1850 56 1211 583 1850
Lifetime (days) 1.09 0.47 0.17 0.33 1.03 0.5 0.19 0.35
Burden (mgm−2) 0.4 6.4 2.3 9.1 0.3 5.9 2.3 8.5
∗ All model size bins are given in dry particle radius, rd.
mean lifetime of the coarse mode SS and a slight decrease of
accumulation mode SS lifetime (wet deposition is stronger in
the tropics), as shown in Table 4.
7 Discussion
We found a clear SST dependence of coarse mode SS emis-
sions across multiple datasets, in addition to the well-known
wind speed dependence. As discussed in Sect. 4.3, there is
a physical basis for this via the strong decrease in viscosity
with increasing temperatures, affecting rise speed of bubbles
as well as bubble size distributions. It is also possible that
other environmental factors co-varying with SST could be
causing or enhancing the dependence we observed. For ex-
ample the trade winds tend to persist over long times and the
large fetch might lead to enhanced SS production over their
warmer waters. In contrast, mid-latitude westerlies are much
more variable and could lead to reduced SS emissions for
the same mean wind speed. Furthermore, warmer waters in
the subtropical gyres are often nutrient poor, while the colder
surfaceoceanwatersathighlatitudesaregenerallyregionsof
upwelling and thus more productive. Enhanced productivity
could lead to the presence of surface-active materials, which
might change the properties of rising bubbles and their pro-
duction of ﬁlm and jet drops (Sellegri et al., 2006; Tyree et
al., 2007; Fuentes et al., 2010).
Could it be that the strong SST-dependence that we found
(Figs. 6 and 10) is an artifact resulting from systematic errors
in meteorological ﬁelds as a function of latitude? We have
already examined potential errors in model wind speeds,
ﬁnding no systematic bias compared to cruise observations,
NCEP reanalyses, and QuikSCAT observations (Sects. 2.3
and 4.1). Errors in RH could lead to incorrect prediction of
SS growth affecting loss by dry deposition and AOD calcu-
lation. We compared the GEOS-5 RH to surface marine ob-
servations from the Comprehensive Ocean-Atmosphere Data
Set (ICOADS: http//icoads.noaa.gov) ﬁnding generally good
agreement (meannormalized model bias of +2.6% for annual
mean RH).
Two independent studies support the new spatial distri-
bution of SS displayed in Fig. 12. Anguelova and Web-
ster (2006) have presented the ﬁrst global whitecap cover-
age distribution based on satellite measurements of bright-
ness temperature of the sea surface. They ﬁnd that whitecaps
cover 3.05% of the ocean’s surface, consistent with previous
results. However, compared to the commonly used Mon-
ahan and O’Muircheartaigh (1980) whitecap formula, the
satellite-derived whitecaps show a strikingly different spa-
tial distribution: more uniform latitudinally with enhanced
whitecaps in the trade wind regions and weaker whitecaps at
high latitudes (see their Fig. 5). Haywood et al. (1999) com-
pared ERBE observations of clear-sky reﬂected solar irradi-
ance with GCM calculations. When the GCM included all
aerosols except SS, they found a fairly uniform deﬁcit in pre-
dicted reﬂectance over the tropical and southern hemisphere
oceans (their Fig. 1b). In order to reproduce the high top of
the atmosphere reﬂectance in the tropics they had to invoke a
very large SS burden, 36.8mgm−2. However this lead to an
overestimate in the mid- and high-latitude NH oceans.
While our ﬁnding of a SST-dependence to SS emissions is
robust, the actual parameters in Eq. (4) are likely to be model
dependent to some degree as our approach in deriving these
parameters was to ﬁt the model bias relative to PMEL obser-
vations. If the same analysis were to be carried out with a
different model using different meteorological ﬁelds, dry de-
position scheme, or boundary layer mixing scheme, then the
parameters might be somewhat different. We note that Tsi-
garidis et al. (2010) recently implemented our SST param-
eterization in the GISS model, ﬁnding improved agreement
with SS observations compared to a number of other param-
eterizations they examined.
In this study we focused on coarse mode SS which ac-
counts for >90% of observed SS mass (Sect. 4.1). However,
accumulation mode SS dominate the number distribution and
play an important role as a CCN. We did not emphasize the
accumulation mode PMEL measurements in this work be-
cause the analysis is complicated by their longer lifetime
(∼1day)andthedominantroleofwetdepositionintheirloss
(Table 4). Based on measurements of laboratory-generated
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Fig. 12. Comparison of the GEOS-Chem 2008 SS emissions (top
row), burden(middlerow), andsurfaceconcentrations(bottomrow)
for MODEL-STD (left panels: a, d, g) and MODEL-SST (central
panels: b, e, h). The righ column show a zonal average of over
ocean SS emissions, burden, and surface concentrations. The global
mean values are indicated on the ﬁrst two columns, with global
mean over ocean values in parenthesis.
bubbles, M˚ artenssen et al. (2003) found that increasing wa-
ter temperature results in a complex behavior of submicron
SS, with increasing SS production for rd > 0.175µm and
decreasing production for rd < 0.035µm. In a sensitivity
study using the M˚ artensson et al. (2003) parameterization in
GEOS-Chem (see Supplement), we ﬁnd that PMEL accumu-
lation mode SS mass concentrations are overpredicted with a
mean normalized bias of 80% (r =0.48). One potential issue
with laboratory generation of SS by bubbling water through
porous media is that it might not accurately reproduce bub-
ble formation via wave breaking in the open ocean (Fuentes
et al., 2010).
8 Summary and implications
In this paper we have re-evaluated the global emissions and
concentrations of SS in the marine atmosphere using open-
ocean measurements of SS mass concentrations from six
PMEL cruises which sampled all the main ocean basins from
80◦ N to 70◦ S between 1993 and 2008. We compared coarse
mode SS observations to the GEOS-Chem SS simulation us-
ing the wind speed-only SS source function of Gong (2003),
based on the commonly-used Monahan et al. (1986) scheme.
We found that the model overestimates observations under
high wind conditions of mid- and high-latitudes, but under-
estimates observations at intermediate wind speeds in the
tropics and subtropics. This pattern was conﬁrmed by com-
parison to mass concentration measurements obtained at 15
ground-based stations.
We ﬁrst examined the possibility that the source function
has a lower power law dependence on wind speed (quadratic
instead of cubic). However, observations did not support this
hypothesis, as it leads to larger model biases and lower cor-
relation coefﬁcients.
We found that the discrepancy between model and obser-
vations is a strong function of SST. Based on the cruise mea-
surements, we have added a SST-dependence to the Gong
(2003) source function. This new empirical source function
reduces the model bias by nearly a factor of two for both
cruise and station observations. The resulting modeled SS
mass concentrations are reduced by a factor of ∼2 at high
latitudes and increased by ∼50% in the tropics.
Our empirically-derived SS source function yields a pic-
ture of relatively uniform distribution of SS mass concen-
trations in the marine boundary layer, consistent with cruise
observations as well as ground-based station measurements.
This is in contrast with the standard view of SS spatial dis-
tribution, which is dominated by high concentrations at high
latitudes, with much lower concentrations in the tropics. Our
SST- and wind speed-dependent source function leads to
lower AOD over the North Atlantic, North Paciﬁc and South-
ern Oceans and higher AOD (with values near 0.1) over
remote tropical regions, consistent with observations from
MODIS Aqua and AERONET. Enhanced SS production over
tropical waters thus provides a solution for the long-standing
issue of systematic model underestimates of AOD and top of
the atmosphere reﬂectance in the tropics.
These results have signiﬁcant implications for the climate
and chemistry of the marine atmosphere. Higher than previ-
ously assumed SS emissions in the tropics will lead to larger
impacts of SS on the chemistry of the marine boundary layer,
affecting concentrations of halogens, ozone, reactive nitro-
gen, mercury, and sulfur containing compounds. Current
studies ﬁnd a factor of 2 decrease between the clear-sky and
all-skydirectradiativeforcingofSSbecausetheypredictthat
most of the SS burden is located in the cloudy mid- and high-
latitudes (Winter and Chylek, 1997; Grini et al., 2002; Ma
et al., 2008). Thus shifting the SS distribution to the rela-
tively cloud-free tropics will likely enhance their overall cli-
matic impact. It has been proposed that increasing SS emis-
sions due to faster winds in a warmer climate might provide
a signiﬁcant negative climate feedback (Latham and Smith,
1990; Korhonen et al., 2010). Mahowald et al. (2006) found
little sensitivity of global SS emissions in a 2×CO2 simu-
lation with the CCSM3 General Circulation Model (GCM),
however they inferred a much higher sensitivity of SS emis-
sions (5% to 48% increase) in other GCMs in future climate
projections. Tropical SSTs have increased by 0.3–1 ◦C be-
tween 1870–1900 and 2001–2005, with the largest warming
found in the western Paciﬁc Ocean and in the Indian Ocean
(Hansen et al., 2006). Climate model calculations for 2100
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predict a 2–4 ◦C increase in surface air temperature (and
thus SST) over the tropical/subtropical oceans and weaker
increases (0.5–2 ◦C) over the Southern Ocean and North At-
lantic (Meehl et al., 2007). Based on Eq. (4), we derive
an average of 7% increase in SS emissions per 1 ◦C incre-
ment. This sensitivity is larger at warmer SSTs (+10%/◦C for
SST>25 ◦C) and colder SSTs (+16%/◦C for SST<5 ◦C).
Thus this SST-dependence could lead to an enhanced nega-
tive feedback on climate.
Field measurements speciﬁcally targeted at determining
the SST dependence of SS emissions under a range of con-
ditions would be extremely valuable. Our work suggests
a very strong SST dependence at warm temperatures (25–
30 ◦C)andcoldtemperatures(0–10 ◦C).Moredetailedinsitu
measurements of the size distribution of SS over the subtrop-
ical/tropical oceans, in particular in the trade wind regions
of the Paciﬁc Ocean, and at high latitudes over the Southern
Ocean, would help conﬁrm this ﬁnding. If these measure-
ments are taken at high temporal resolution and are accom-
panied by detailed observations of meteorological conditions
as well as surface water conditions (whitecap coverage, SST,
composition of seawater) they can be extremely valuable in
testing models and deriving more accurate source functions.
Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/3137/2011/
acp-11-3137-2011-supplement.pdf.
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